We report measurement of the influence of electric and magnetic fields on optically induced THz electromagnetic radiation from semiconductors at normal incidence. The measurements show that electric and magnetic fields strongly influence the amplitude and phase of transient carrier-generated THz radiation, but do not affect THz optical rectification generated by the bulk second order nonlinear susceptibility, for static electric fields up to lo4 V/cm.
(Received 30 November 1992; accepted for publication 17 February 1993) We report measurement of the influence of electric and magnetic fields on optically induced THz electromagnetic radiation from semiconductors at normal incidence. The measurements show that electric and magnetic fields strongly influence the amplitude and phase of transient carrier-generated THz radiation, but do not affect THz optical rectification generated by the bulk second order nonlinear susceptibility, for static electric fields up to lo4 V/cm.
Optically induced THz electromagnetic radiation from semiconductors has been utilized to obtain information about electronic surface and interface properties,' thirdorder nonlinearity,' electron coherent oscillation,3 kinetic spectroscopy,4 and second-order THz optical rectification.5*6 It is known that a static electric field or a magnetic field influences THz radiation through Coulomb or Lorentz interaction with transient photocarriers.'*' Photocarriers in semiconductor quantum wells polarized by an external electric field have been observed to radiate THz electromagnetic waves.3 In principle, there are three mechanisms for the generation of THz radiation in zinc blende crystals: transient carriers, the bulk second order susceptibility x (') , and the effective second order susceptibility ~2) which is a x (3) linearized with a static electric field Edc. A recent experiment discriminated between radiation produced by real carriers and that produced by optical rectification by using normal and off-normal incident optical illumination. However, there is no clear experiment to identify the dominant mechanism of optical rectification.
In this letter, we present recent experimental results of electric and magnetic field influence on optically induced THz electromagnetic radiation from bulk and epitaxial grown semiconductor samples. We measured the rectified THz radiation from ( 100) and ( 111) oriented GaAs n-i-p and p-i-n diodes at normal incidence. Our measurement shows, for static electric field strengths up to lo4 V/cm, the dominant mechanism of THz optical rectification is due to the second order nonlinear susceptibility. We have not observed rectification radiation by otJ?-diagonal xc3) elements.
The samples we used are GaAs n-i-p and p-i-n diodes. They were grown on (100) and ( 111) substrates by MBE. The substrates of the n-i-p and p-i-n diodes were cut from the same (100) and (111) oriented wafers. The top layers of n-i-p andp-i-n diodes are the n and p layers, respectively. Both n and p layers are 0.1 pm thick with a doping level of 1 X 10t8/cm3. The sandwiched intrinsic i layer is 1 pm thick with an unintentional doping concentration of 2~ 1015/cm3. The static electric field in the intrinsic layers in the n-i-p and p-i-n diodes has an equal strength but an opposite direction. The estimated static electric field in the intrinsic layer is about 11 kV/cm.
The experimental setup has been described in detail previously.' Figure 1 schematically illustrates the sample configuration (top view) for measurement of THz radiation from a ( 111) GaAs p-i-n diode. A femtosecond laser beam with a pulse duration of 120 fs illuminates the diode at normal incidence. The static electric depletion field Ed is in x direction. An external magnetic field is applied in 1: direction (orthogonal to the static electric field). The forward THz radiation is detected by a Hertzian dipole antenna which is polarization sensitive. The laser wavelength is 8 16 nm, resulting an absorption length of 0.8 pm thus over 81% photogenerated carriers are in the GaAs intrinsic layer. The experiment is performed at room temperature.
We first measured THz optical rectification from ( 111) GaAs diodes without a magnetic field. The in-plane crystal orientation of the n-i-p and p-i-n diodes are aligned. The THz signals emitted from two diodes are shown in Fig. 2 . Note that they have the same polarity regardless of the direction of the static electric depletion field. The smaller amplitude of the forward THz signal from thep-i-n diode may be due to the larger screening from the n layer (next to the substrate in the p-i-n diode) than that from the p layer (next to the substrate in the n-i-p diode). A small shift of waveforms in time may also be due to the freecarrier screening or the interference between forward THz beam and reflected backward THz beam by the top doping layer. The important result is that we did not observe a polarity flip-over of the optical rectification signal with opposite electric field for normal optical incidence. This result indicates that the dominant mechanism of optical rectification with normal incidence is the bulk xt2), not the xc3'. With oblique optical incident angle, the xi3) contribution may increase substantially, but in our experiment we could not discriminate from the contribution by the real transient carriers.
We also evaporated ultrathin metallic films (less than 0.01 pm) on both sides of (100) and (111) GaAs wafers. These metallic lilms form optically transparent and electrically conducting electrodes. The ultrathin electrodes allow laser light to reach the intrinsic region and permit part of the optically induced THz beam to propagate through the sample (about 0.4 mm thick) in the forward direction. We measured the forward radiation versus the longitudinal bias field. Within the measurement sensitivity of the detection system, we did not observe any amplitude change of THz radiation when we changed the strength of the external electric field. In contrast to the results obtained by tilting the polar angle (oblique optical incident angle), where the variation of the THz signal versus the bias field is pronounced. Since second order optical rectification is independent of static electric field, unlike the THz radiation by transient carriers, we expect THz optical rectification will scale linearly with the optical power. The major influence on the rectification radiation, provided the photon energy is higher than the band gap of the semiconductors, is photoinduced carrier screening of THz beam at very high optical fluence.
For normal optical incidence, the forward THz radiation is pure optical rectification.6 However this is not the case if an external magnetic field is applied orthogonally to the carriers flow direction.' The static electric field drives the photoinduced electrons and holes in opposite directions (Coulomb interaction), and the magnetic field deflects both carriers (Lorentz interaction). In semiconductors where the effective mass of the electron and hole are dif- ferent, although the magnetic force bends both carriers to the same side of the sample, the different mobility of the carriers results in a macroscopic electric field EH in the y direction as shown in Fig. 1. Figure 3 is a plot of the temporal waveforms of THz optical rectification from ( 111) GaAs n-i-p and p-i-n diodes with a 0.2 T external magnetic field. Under the magnetic field, the transverse component of the transient carriers contributes to the THz radiation. A simple analysis shows that the electric component of the radiation E, is proportional to the static electric and magnetic fields applied on the semiconductor,' and E, can be expressed as:
Due to the opposite direction of the static electric fields in the intrinsic layer, the polarity of the measured E, from n-i-p and p-i-n diodes is reversed. The radiation from the p-i-n diode is stronger than that from the n-i-p diode under the magnetic field. This is because the major contributions to the radiation are transient carriers. Exponentially distributed photogenerated electrons in the p-i-n diode flow forward (toward to the substrate), and there is less charge accumulation than that in the n-i-p diode where the faster moving electrons piled near the surface. We also measured THz radiation from ( 100) n-i-p and p-i-n diodes under the external magnetic field, as shown in Fig. 4 . Because the transient carrier effect is dominant, as we expected, the waveforms in Fig. 4 are similar to that in Fig. 3 . The THz radiation generated by the transient carriers is about one order higher than that by the bulk second order optical rectification. The influence of electric and magnetic fields on THz radiation can be used for the detection of semiconductor surface fields. One application is the direct observation of surface field direction during or after evaporating a thin metallic film on semi-insulating GaAs. Figure 5 schematically illustrates a 50 8, Pt/Au metallic film on a GaAs wafer. The surface field direction is indicated by the arrows. When an external magnetic field is applied, the forward radiation from the bare wafer and from the wafer covered with metallic film has opposite polarity, as shown in Fig. 6 . The opposite polarities of the waveforms reflect the reversal of the electric static field. This analysis is similar to that in the previous measurement in n-i-p and p-i-n diodes. The spatial resolution of our system for the measurement of the surface field direction is better than 2 pm. We can determine the direction of the weak internal electric field with improved sensitivity by implementing the magnetic fields. This technique provides an in situ tool for the characterization of surface and interface electronic properties.
In conclusion, we report the measurement of THz radiation from GaAs samples with opposite static electric fields (n-i-p and p-i-n diodes). We did not observe polarity flipover of the radiation due to the opposite electric field. Our measurement shows that the bulk second order optical rectification is the dominant mechanism under normal optical illumination. The use of a magnetic field in the measurement of THz radiation from semiconductors greatly improves the surface field detection capability.
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